Escherichia coli expresses a concentrative ammonium (methylammonium) transport system which is strongly repressed under conditions of nitrogen excess. We have previously reported the cloning of a structural gene (amtA) for this transporter by complementation. In this study, a 3.4 kb HindIII-BamHI fragment containing umtA was cloned into the pBIuescript KS( +) vector, and unidirectional nested deletions from each end of this 3.4 kb fragment were generated by exonuclease I11 digestion. The deletions were analysed by complementation of the structural gene mutation produced by TnlO insertion. This allowed m t A to be localized within a 1.4 kb region which spans the site of the mutation. By application of the Sanger dideoxy method, we sequenced the region containing umtA. The gene contains an open reading frame which encodes a protein with a predicted molecular mass of 27 kDa. The open reading frame is preceded by a putative Shine-Dalgarno sequence and followed by an inverted repeat which might function as a simple transcription terminator. Hydropathic analysis of the inferred amino acid sequence of the gene product predicts that umtA encodes a cytoplasmic component of the ammonium transport system.
Introduction
The active transport of ammonium ions has been studied in a variety of bacterial species (Kleiner, 1985) and fungi (Dubois & Grenson, 1979; Hackette et al., 1970) using [ 14C]methylammonium as a model substrate. At low extracellular concentrations, utilization of ammonium as the sole nitrogen source requires a high-affinity ammonium transport system capable of generating large concentration gradients, whereas this system is dispensable at high external levels (Kleiner, 1985) . Under nitrogenlimiting conditions, Escherichia coli expresses such a concentrative ammonium (methylammonium) transport system (Amt), which is strongly repressed during ammonium excess (Jayakumar et al., 1985) . Studies of the nitrogen regulation of Amt in E. coli have shown that expression of the transport system is activated by the glnG and glnL regulatory proteins during nitrogen limitation, and repressed during ammonium excess via the glnL product (Jayakumar et al., 1986) .
Abbreviation: ORF, open reading frame.
The nucleotide sequence data reported in this paper have been submitted to GenBank and have been assigned the accession number M55 170.
A mutant deficient in Amt has been isolated after TnlO transposon mutagenesis, and the site of TnlO insertion was demonstrated to lie within a structural gene of the transport system. The structural gene for this component of the system has been cloned by complementation of the mutant (Jayakumar et al., 1989) . This amtA gene, previously designated as amt (Jayakumar et al., 1989) , has recently been mapped to 95.8 min on the E. coli chromosome, adjacent to the cpdB gene for a periplasmic cyclic phosphodiesterase (Jayakumar et al., 1991) . In this communication, we report the nucleotide sequence for amtA. Analysis of this sequence predicts a gene product with molecular mass of 27 kDa. Analysis of the peptide sequence reveals no significant homologies to other protein sequences, and suggests that the AmtA protein may be a peripheral membrane protein localized on the inner face of the cytoplasmic membrane. A preliminary report of these findings has been presented (Fabiny et al., 1990) . Bacterial strains and growth conditions. Strain A52653 (amtA1: :TnlO Tc') was grown in M9 minimal medium, with sodium glutamate (20 mM) as sole source of nitrogen, as described previously (Jayakumar et al., 1986) . In complementation assays, restoration of the Amtphenotype to A52653 was monitored on M9 plates containing 100 p~-ammonium acetate as sole nitrogen source, as previously described (Jayakumar at al., 1989) . Strain XL1-Blue [recAI endAl gyrA96 thi hsdRl7 supE44 relAl lac (F'proAB laclq ZAM1.5 TnlO (Tet')); Bullock et al., 19871 was grown on LB plates (containing, per litre, 10 g Bactotryptone, 5 g yeast extract and 10 g NaCl). Where appropriate, ampicillin or tetracycline were included at 100 pg ml-' and 25 pg ml-' respectively. Liquid cultures were grown at 37°C and aerated by shaking; plates were incubated at 37 "C.
Methods

Chemicals
DNA isolation and manipulation. Plasmid DNA isolation, phenol/ chloroform extractions, ethanol precipitation of DNA, restriction digests, DNA ligation, bacterial transformation and agarose gel electrophoresis were done according to standard protocols as described by Sambrook et al. (1989) .
Construction of' unidirectional deletions of the Amt-complementing subclone. The Amt-complementing insert of pJH 1A (Jayakumar et ul., 1989) was subcloned into the pBluescript KS(+) vector as a 3-4 kb HindIIILBamHI fragment. The resulting plasmid (pKSAMT) was digested with Sac1 and BamHI, or KpnI and HindIII. Each linearized plasmid was then subjected to exonuclease 111 (ExoIII) digestion as follows. DNA (80 pg) was diluted in ExoIII reaction buffer (50 mMTris/HCl, pH 8.0, 5mM-MgC12, 1Opg tRNA mg-' and 1 0 m~-2 -mercaptoethanol) at a final concentration of 0.2 pg pl-' . The reaction mixture was incubated at 30 "C for 5 min, and an aliquot containing 5 pg of DNA was removed for a zero time point. Ex0111 [20 units (pg DNA)-'] was added and the incubation continued at 30 "C, removing aliquots ( 5 pg) at 1 min intervals. The samples were diluted into mung bean nuclease reaction buffer [30 mM-sodium acetate, pH 5.0, 50 mMNaC1, 1 mM-ZnClz and 50% (w/v) glycerol], and placed on dry ice. All samples were then heated to 65 "C for 15 min and placed on ice. Mung bean nuclease [75 units (pg DNA)-'] was added and incubated at 30 "C for 30min. Each sample was then brought to 0.3% SDS, 40mM-Tris/HCI, pH 9.5, and 640 mM-LiC1, extracted with an equal volume of TE (10 mM-Tris/HCl, pH 8.0, and 1 mM-EDTA)-equilibrated phenol/ chloroform, and finally extracted with an equal volume of chloroform. The samples were then brought to 0.3 M-sodium acetate (pH 7.0) and 10 ng tRNA pl-', and precipitated with 2.5 vols ice-cold ethanol. The DNA in each sample was dissolved in TE to a final concentration of 10 ng PI-'. DNA (10 ng) from each time point was then ligated to form recircularized plasmid. Ligated DNA ( 5 ng) was used to transform competent XL 1 -Blue cells to ampicillin resistance.
Localization qf amtA. Deletion plasmids were isolated from Amp' colonies representing each time point and analysed by BglI digest. Selected plasmids were used to transform strain AJ2653, and the transformants examined for the ability to grow on ammonium-limited (100 pwammonium acetate) minimal plates (Jayakumar et al., 1989) . Their ability to transport [ 14C]methylammonium was assayed as previously described (Jayakumar et al., 1986) . Loss of transport activity in deletions from each end of the subclone was used to define the approximate boundaries of amtA.
Sequencing ofamtA. Plasmid DNA ( 5 pg) was denatured at 37 "C for 30 min in 200 mM-NaOH and 0.2 mM-EDTA, in a final volume of 20 pl.
The DNA was neutralized by the addition of sodium acetate (pH 5.5) to a final concentration of 0.3 M. The D N A was precipitated with 4 vols ethanol, pelleted, washed and dried briefly. The DNA and oligodeoxynucleotide primer (1 pmol) were dissolved in sequencing buffer (40 mM-Tris/HCl, pH 7.5, 20 mM-MgCl,, 50 mM-NaCl), heated at 65 "C for 2 min, and allowed to cool slowly (over 30 min) to 30 "C. This annealed template/primer was then used in the standard labelling and termination reactions of the sequencing method (Sanger et al., 1977) . The sequencing reactions were heated to 75°C for 2min and then loaded directly onto a 0.4 mm thick 6% or 8% (w/v) polyacrylamide sequencing gel, with a shark-tooth comb forming the wells. The gel was electrophoresed at 60 W constant power until the bromophenol blue tracking dye reached the bottom. If additional information was to be read from sequencing reactions, an additional set of samples was loaded onto the same gel, and the electrophoresis continued until the bromophenol blue tracking dye of the second set of samples reached the bottom. The gel was washed and fixed in 10% (v/v) acetic acid, 12% (v/v) methanol for 15 min, placed on Whatman 3MM paper, and dried under vacuum at 80 "C for 30 min. The dried gel was exposed to X-ray film overnight.
DNA sequence assembly and analysis. Overlapping sequences, generated by sequencing the deletion plasmids using M 13 reverse primer or by oligodeoxynucleotide primer extension of sequence from pKSAMT, were assembled using the Sequence Assembly Manager (SAM) from the Molecular Biology Information Resource (MBIR), Baylor College of Medicine. The resulting contiguous sequence was then analysed using EUGENE (MBIR), and PCGENE (IntelliGenetics, Mountainview, CA, USA).
Localization of' amtA
It has previously been demonstrated that sequences within the 3.4 kb insert of pJH 1 A (amtA) are necessary for restoring Amt activity to the structural gene mutant A52653 (Jayakumar et al., 1989) . To facilitate more precise localization of amtA within this fragment, it was subcloned into pBluescript KS( +) vector so that a set of unidirectional nested deletions could be generated from each end of the complementing fragment. After transformation of A52653 with deletion plasmids, the transformants were assayed for their ability to grow on M9 plates containing 100 pM-ammonium acetate as sole nitrogen source and for their ability to transport [ 4C]methylammonium (Fig. 1) . Loss of Amt-complementing activity in deletions from each end of the 3.4 kb fragment defined the approximate boundaries of the gene. As shown in Fig. 1 , amtA was localized to a 1-4 kb region which includes the PstI and EcoRI sites, and spans the site of the TnlO insertion in the complemented mutant. This region was the focus of the sequencing efforts.
Primary sequence of amtA and sequence characteristics
Deletion plasmids corresponding to the region containing amtA were sequenced using M 13 reverse primer. The sequence was extended and the other strand sequenced using synthetic oligodeoxynucleotides, based on the 250 bp - Fig. 2 . Sequencing strategy. Deletion plasmids corresponding to the region containing amtA were sequenced using M 13 reverse primer (open arrows). The undeleted clone was sequenced using oligodeoxynucleotide 17mers as primers to confirm and extend the sequence (closed arrows). Of the sequenced region 1 kb was confirmed by its identity to the cpdB gene and its 5'-flanking region. A modification of the Sanger dideoxy sequencing method was used to sequence double-stranded templates.
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As shown in Fig. 3 , the sequence contains an open reading frame (ORF) encoding a 246 amino acid protein, a ribosome binding site, and an inverted repeat which may function as a simple transcription terminator. The ORF was examined for codon usage preference according to Gribskov et al. (1984) using E. coli codon usage tables (Maruyama et al., 1986) . A codon usage typical of E. coli was found. The average preference score for the ORF is 1 -14, while that of a random sequence of the same composition is 0.81. Furthermore, the ORF contains a low number (1 2 of 247) of rare usage codons. Comparison of the sequence upstream of the amtA ORF to consensus sequences for nitrogen-regulatory elements (Ausubel, 1984; Magasanik, 1988; Morett & Buck, 1989; Reitzer & Magasanik, 1986) did not reveal any significant matches to a nitrogen regulator I binding site or to a os4-dependent promoter.
The sequence also contains a portion of the divergently transcribed cpdB gene (Fig. 2) which encodes a periplasmic cyclic phosphodiesterase (Liu et al., 1986) . This includes the 5'-flanking region (150 bp) and a portion of the coding region of cpdB corresponding to the first 297 amino acids of the CpdB protein (nucleotides 891-1 of Fig. 3 ). The fusion plasmids previously produced by random insertion of TnphoA into pJHlA (Jayakumar et al., 1989) mapped to this region. The location of cpdB sequences adjacent to amtA also confirms the map position of amtA at 95.8 min on the E. coli chromosome (Jayakumar et al., 1991) .
Analysis of the amtA peptide sequence
The coding sequence for amtA and the corresponding peptide sequence were compared to the PIR and GenBank databases, and no homologies were found. Hydropathy analysis of the AmtA peptide according to Kyte & Doolittle (1982) shows a protein which is almost as hydrophobic as it is hydrophilic (Fig. 4) . Only one hydrophobic segment (residues 102 to 122) appears to be long enough to span a lipid bilayer. Computer modelling was done to determine whether this segment of the protein could be membrane associated. Hydrophobic moment analysis was done according to the method of Eisenberg et al. (1984) . The value for the average hydrophobicity ((H)) of this segment was calculated to be 0.49. This is below the minimum value of (H) = 0.68 which defines a helix as membrane associated. The complete sequence of AmtA was also analysed by the method of Klein et al. (1989, which classifies membrane proteins as either integral or peripheral. The peripheral : integral odds value was 2-21, supporting a peripheral localization. Also, the inferred sequence of AmtA does not contain a prokaryotic signal sequence. 
Discussion
Within 2.0 kb of the complementing insert of pJHl A, we have identified a gene sequence which corresponds to amtA. This gene was localized by deletion analysis of the 3.4 kb Amt-complementing fragment, and it contains the site of TnlO insertion in the complemented structural gene mutant. The amtA sequence contains a typical E. coli ORF encoding a 27 kDa protein, a ribosome binding site and a simple transcription terminator. The start codon is ATG, which is the most commonly used bacterial start codon. The ribosome binding site consists of the sequence GAGGTG, which is complementary to the sequence 5'. . . GAUCACCUCCUUAoH at the 3' end of the 16s rRNA, and is located six nucleotides upstream of the start codon. An extensive comparison of 124 E. coli translation initiation sites shows that the average complementarity to the 16s rRNA is 5 1 bases, and the average spacing between the ribosome binding site and the start codon is 7 & 2 (Storm0 et al.,  1982) . The simple inverted repeat after the coding region could form a stable stem-loop structure, serving as a simple transcription terminator. The sequence we have designated the amtA coding region fits the generally accepted criteria for E. coli genes.
Analysis of the inferred sequence of the AmtA peptide predicts a protein which is neither a periplasmic nor an integral membrane protein. The former is also unlikely considering the absence of a required shock protein in the Amt system (Jayakumar et al., 1985) . Furthermore, random insertion of TnphoA into pJHlA produced numerous fusions which mapped in the cpdB gene, but none in amtA. This suggests that the AmtA peptide does not contain domains which are exported from the cytoplasm. Therefore, we propose that the AmtA protein is a cytoplasmic component of the ammonium transport system. Ample precedent exists for peripheral membrane protein components of ion transport systems. For example, B. P. Rosen and coworkers have identified an arsenite pump encoded by the ars operon of the E. coli Rfactor R773 (Chen et al., 1985) . One essential component of this system, the ArsA protein, is an arsenitestimulated cytoplasmic ATPase (Rosen et al., 1988) and requires the ArsB integral membrane protein as a site for attachment (Tisa & Rosen, 1990) . Bossemeyer et al. (1989) report that the K+-transport protein TrkA of E. coli is a cytoplasmic protein, which requires three other integral membrane proteins (TrkE, TrkG and TrkH) for binding to the cytoplasmic membrane. TrkA does not appear to be an ATPase, and the other trk genes are at different locations on the chromosome. Since the AmtA protein does not contain a nucleotide binding consensus, and does not appear to be part of an operon, we suspect that the Amt system might be organized much like the Trk system. This possibility is being explored by characterization of additional Am t mutants.
Since the expression of ammonium transport activity in E. coli is regulated by the nitrogen-regulatory system (Jayakumar et al., 1986) , it is reasonable to expect that amtA might encode a protein whose expression is under the control of a nitrogen-regulated promoter. However, we were unable to identify a nitrogen-regulatory control region upstream of the amtA ORF. It seems likely, therefore, that other component(s) of the E. coli ammonium transport system provide sensitivity to nitrogen availability.
